Introduction
============

Hepatocellular carcinoma (HCC) accounts for a large portion of cancer-related deaths, and is a major public health challenge worldwide.^\[[@R1]\]^ However, the 5-year survival rate of HCC is unsatisfied due to the lack of cutting-edge treatment options. In order to improve the treatment response of HCC, it is imperative to elucidate the underlying mechanisms in the process of carcinogenesis and progression of HCC.

Regulatory factor X5 (RFX5) is a winged-helix transcription factor that comprises the transcription factor complex RFX together with other two subunits, RFXANK/B and RFXAP. RFX5 has been reported as a dominant regulator of *MHCII* gene transcription.^\[[@R2]--[@R4]\]^ And we have previously shown that RFX5 overexpression in HCC cells did not affect *MHCII* expression, but transactivated non-*MHCII* target genes, such as tripeptidyl peptidase 1 (*TPP1*).^\[[@R5]\]^ However, the biological significance of overexpressed RFX5 has not yet been determined in HCC.

Hence, we proposed to investigate the biological significance of RFX5 in HCC in this study. Our major aim was to ascertain the downstream target genes of RFX5 and revealed the molecular mechanism of RFX5 in the development and progression of HCC.

Methods
=======

Ethical approval
----------------

The study was conducted in accordance with the *Declaration of Helsinki* and was approved by the Ethics Committee of the Affiliated Hospital of Guilin Medical University and Peking University People\'s Hospital. Informed written consent was obtained from all patients before their enrollment in this study.

Gene expression data and copy number variation
----------------------------------------------

Gene expression data and DNA copy number variation (CNV) data of HCC tumor tissues and cell lines were obtained from the liver hepatocellular carcinoma (LIHC) database of the Cancer Genome Atlas (TCGA) project and Gene Expression Omnibus database (GSE38207). Data analysis and visualization were performed as previously reported.^\[[@R6]--[@R8]\]^

HCC tissue samples and cell lines
---------------------------------

All HCC tumor tissues were collected after written informed consent signed by each patient at the affiliated hospital of Guilin Medical University (Guilin cohort). MHCC-97H and MHCC-97L cell lines were kindly provided by the Academy of Military Medical Science (Beijing, China). Other cell lines (HepG2, Hep3B, SK-HEP-1, PLC/PRF/5, Huh7, Li7, HEK293T, and GP2-293) were either purchased from the American Type Culture Collection (USA) or from the Cell Bank of the Chinese Academy of Sciences (Shanghai, China).

Plasmid constructs, lentiviral productions, and stable cell lines establishments
--------------------------------------------------------------------------------

The pGL4-Tyrosine 3-monooxygenase/tryptophan5-monooxygenase activation protein theta (pGL4-YWHAQ) luciferase reporter vector was constructed by cloning the promoter region of *YWHAQ* gene into the pGL4.10 vector (Progmega, Madison, Wisconsin, USA). Human YWHAQ open reading frame (ORF) sequence and RFX5 ORF sequence were respectively cloned into the retroviral vector pMSCVneo, named pMSCV-YWHAQ and pMSCV-RFX5. SgRNA specifically targeting human RFX5 (RFsg1: GGTTTAGATGACCGTTCCCG; RFsg3: GCCTCCACCAGTTCATCTCG) were cloned into LentiCRISPRv2 (Addgene plasmid \# 52961, a gift from Feng Zhang) following provider\'s guide. Lentiviral vector expressing FLAG-tagged RFX5 ORF, short hairpin RNA (shRNA) specifically targeting RFX5 (RFK1 and RFK2) and control shRNA (NS) were cloned as previously reported.^\[[@R5]\]^ The recombinant retroviral and lentiviral production, purification, and stable cell lines establishment were performed according to our previous report.^\[[@R6]\]^

Chromatin immunoprecipitation and luciferase reporter assay
-----------------------------------------------------------

The chromatin immunoprecipitation (ChIP) assay was conducted according to previous report.^\[[@R5]\]^ Free DNA fragments eluted from RFX5 antibody or IgG (control) were subjected to ChIP-PCR analysis with primers covering YWHAQ promoter (YWHAQ-PF: TTAGGCTTTCCAGGTTATGCA; YWHAQ-PR: CGCTTCAGCAGGGTGTTCC). Cells co-transfected with firefly luciferase plasmid and RFX5 expression plasmid were subjected to luciferase reporter assay following procedure described in our previous publication.^\[[@R5]\]^

Tissue microarray and immunohistochemistry
------------------------------------------

The tissue microarray (TMA) consisted of 128 pairs of primary HCC tumor tissues and corresponding non-tumor tissues from Guilin cohort. Antigen retrieval was performed with EDTA buffer (pH 8.0) at 100°C for 15 min. Rabbit anti-human RFX5 antibody (Novus Biological, San Diego, California, USA) at a working dilution of 1:100 or rabbit anti-human YWHAQ antibody (Proteintech, Rosemont, Pennsylvania, USA) at a working dilution of 1:1000 was incubated at 4°C overnight, followed by incubating horseradish peroxidase (HRP)-conjugated secondary antibody (Dako, Copenhagen, Denmark) for 1 h at 37°C. Then DAB reaction was used to reveal antibody binding with EnVision detection system (Dako). RFX5 protein expression was scored by two pathologists independently according to the percentage of tumor cells with nuclear staining (0, nuclear staining in less than 5% of tumor cells \[N−\]; 1, nuclear staining in 5% to 30% of tumor cells \[N+\]; 2, nuclear staining in 31% to 50% of tumor cells \[N++\]; 3, nuclear staining in \>51% of tumor cells \[N+++\]).

Quantitative real-time polymerase chain reaction
------------------------------------------------

In order to validate the RFX5 overexpression in HCC, the RFX5 mRNA expression level in Guilin cohort and eight HCC cell lines (MHCC-97H, MHCC-97L, HepG2, Hep3B, SK-HEP-1, PLC/PRF/5, Huh7, and Li7) was measured by quantitative real-time polymerase chain reaction (QRT-PCR) analysis. The QRT-PCR amplification was performed with a mixture containing 50 ng cDNA template and SYBR Green I Master on a LightCycler 480 (Roche Applied Science, Rotkreuz, Germany). The primer sequences used for QRT-PCR were as follows: RFX5, 5′-GATGAGCCTGATGCTAAGAGC-3′ and 5′-CCCTCTACTTTGTTCTGCACG-3′; and GAPDH, 5′-CCACATCGCTCAGACACCAT-3′ and 5′-GGCAACAATATCCACTTTACCAGA-3′. Relative gene expression was calculated and normalized against GAPDH.

Clonogenicity assay
-------------------

HCC cell lines stably transduced with lentivirus or retrovirus were subjected to clonogenicity assay. Each cell lines were plated in six-well plates for 1000 cells in each well in triplicates. These cells were cultured after 14 days and then fixed with 4% paraformaldehyde in phosphate-buffered saline (PBS) for 30 min. The colonies were stained with 1% crystal violet solution for 1 h. After washing with PBS, the plates were air-dried. Cell colonies were counted and subjected to statistical analysis.

Xenograft tumor growth assay
----------------------------

Xenograft tumor growth assay was established by subcutaneous injection of 2 × 10^6^ HCC cells (Consg1-MHCC-97H, RFsg1-MHCC-97H, Consg1-SK-HEP-1, RFsg1-SK-HEP-1, YWHAQ-SK-HEP-1, and YWHAQ-SK-HEP-1 with RFX5 knockdown by RFsg1) into the dorsal flank of BALB/c Nude mice (male, 4 weeks). Tumors growth were measured with vernier calipers after 3 weeks and tumor volumes were calculated with the following formula: (*W*^2^ × *L*)/2, where *W* is width and *L* is length. All experiments were performed under protocols approved by the Experimental Animal Center of Peking University People\'s Hospital.

Western blotting analysis
-------------------------

Total protein was extracted from HCC cells using RIPA lysis buffer and quantified using Pierce BCA Protein Assay kit according to the manufacturer\'s protocol (Thermo Fisher Scientific, Waltham, Massachusetts, USA). Protein extracts (10 μg) were separated by SDS/PAGE gel (Thermo Fisher Scientific) and then transferred to a nitrocellulose membrane (Thermo Fisher Scientific). After membrane was blocked with 5% non-fat dry milk dissolved in Tris-buffered saline with Tween-20 buffer for 1 h at room temperature, it was incubated at 4°C overnight with primary antibodies against RFX5 (1:1000; Proteintech), YWHAQ (1:10,000; Proteintech), p53 antibody (1:2000; Proteintech), and Bax antibody (1:1500; Proteintech) followed by incubation with HRP-conjugated secondary antibodies (1:5000; Proteintech) for 1 h at room temperature. The band were detected using a Western Lighting Plus-ECL (PerkinElmer, Waltham, Massachusetts, USA) and visualized on X-ray film.

Flow cytometry analysis
-----------------------

Annexin V and 7-AAD staining were performed to determine the cell apoptosis rate by using the Annexin V-FITC apoptosis Detection Kit (BD Biosciences, San Jose, California, USA). Flow cytometry analysis was performed on FACSAria II (BD Biosciences, USA). Following data analysis was performed with FlowJo analysis software (Tree Star, USA).

Statistical analysis
--------------------

Data clean and statistical analysis were performed with GraphPad Prism 7.0 (GraphPad Software, USA) and R Statistical Software (Foundation for Statistical Computing, Austria).^\[[@R9]\]^ All data that subjected to statistical analysis was from at least three independent experiments. The differences among multiple groups were compared by one-way analysis of variance. The mRNA level of RFX5 in HCC tumor tissues and adjacent non-tumor tissues were compared using a paired Student\'s *t* test. The unpaired *t* test was used to calculate a two-tailed *P* value. Survival analyses in TCGA LIHC cohort were assessed by Kaplan-Meier plots and log-rank tests. The Pearson correlation analysis was used to determine the association between the mRNA expression level and DNA copy number of RFX5. A *P* *\<* 0.05 was considered statistically significant.

Results
=======

RFX5 is frequently amplified and overexpressed in HCC
-----------------------------------------------------

*RFX5*, a gene located at 1q21, was amplified in 24.8% (92/371) of patients with HCC with 1.5-fold increase in tumor *vs.* normal tissue by analyzing the LIHC CNV date from TCGA \[Figure [1](#F1){ref-type="fig"}A\]. The mRNA level of RFX5 was dramatically higher in HCC tumor tissues compared with normal tissues according to the RNA-seq date from TCGA LIHC dataset (0.140 ± 0.052 *vs.* −1.062 ± 0.084, *t* = 8.240, *P* \< 0.001) \[Figure [1](#F1){ref-type="fig"}B\]. Remarkably, the expression of RFX5 mRNA significantly correlated with its DNA copy number (*r* = 0.4, *P* \< 0.001) \[Figure [1](#F1){ref-type="fig"}C\], which indicated that increased copy number of RFX5 may be one of the reasons leading to its overexpression in HCC.

![RFX5 is amplified and overexpressed in HCC. (A) The CNV of RFX5 locus in HCC tissues and cell lines. (B) The mRNA expression of RFX5 in HCC tissues determined by RNA-seq data from TCGA LIHC dataset. (C) The correlation between the mRNA expression and DNA copy number of RFX5 in patients with HCC from TCGA LIHC dataset. (D) The mRNA level of RFX5 in HCC tumor tissues and adjacent non-tumor tissues was determined by QRT-PCR analysis. (E) The expression of RFX5 protein in HCC tumor and adjacent non-tumor tissues was determined by IHC analysis (original magnification: ×400. N−, nuclear staining in less than 5% of tumor cells; N+, nuclear staining in 5% to 30% of tumor cells; N++, nuclear staining in 31% to 50% of tumor cells; N+++, nuclear staining in \>51% of tumor cells). (F) The mRNA level of RFX5 in HCC cell lines was determined by QRT-PCR analysis. Data were shown as mean ± SD (*n* = 3). (G) The expression of RFX5 protein in HCC cell lines was determined by Western blotting analysis. ^∗^*P* \< 0.001. CVN: Copy number variation; HCC: Hepatocellular carcinoma; IHC: Immunohistochemistry; LIHC: Liver hepatocellular carcinoma; N: Nucleus; QRT-PCR: Quantitative real-time polymerase chain reaction; RFX5: Regulatory factor X-5; RNA-seq: RNA sequencing; SD: Standard deviation; TCGA: The Cancer Genome Atlas.](cm9-132-1572-g001){#F1}

In consistent with TCGA LIHC cohort, overexpression of RFX5 mRNA was detected in HCC tumor tissues as compared with the paired non-tumor tissues of Guilin cohort (*P* = 0.0097) \[Figure [1](#F1){ref-type="fig"}D\]. The expression of RFX5 protein in HCC was further determined by immunohistochemistry (IHC) staining a TMA containing 128 primary HCC specimens with anti-RFX5 antibody. In comparison with the corresponding non-tumor tissue, RFX5 overexpression was found in 91/128 (71.1%) informative HCC cases \[Figure [1](#F1){ref-type="fig"}E\]. RFX5 protein was mostly located in the nucleus of tumor cells and displayed a heterogeneous expression pattern in HCC (N−, 28.90% \[37/128\]; N+, 31.25% \[40/128\]; N++, 30.47% \[39/128\]; N+++, 9.38% \[12/128\]) \[Figure [1](#F1){ref-type="fig"}E\]. However, there was no correlation between the expression level of RFX5 and the prognosis of HCC. Maybe, the small number of cases enrolled in this analysis limited the statistic power.

Moreover, the amplification and overexpression of RFX5 in HCC cell lines were prevalent. The expression level of RFX5 mRNA in most HCC cell lines (MHCC-97H, MHCC-97L, HepG2, Hep3B, SK-HEP-1, PLC/PRF/5, Huh7, and Li7) was determined by QRT-PCR. These HCC cell lines (8/8) showed amplification in RFX5 locus \[Figure [1](#F1){ref-type="fig"}F\], while MHCC-97H had the highest RFX5 mRNA level. Furthermore, we found that RFX5 protein was also overexpressed in most HCC cell lines (7/7) by Western blotting analysis \[Figure [1](#F1){ref-type="fig"}G\].

RFX5 oncogene dependence in human HCC cell lines
------------------------------------------------

In order to determine the biological significance of RFX5 in HCC, cell lines transduced with shRNAs targeting RFX5 (RFK1 and RFK2) were subjected to clonogenic assay. Knocking down RFX5 greatly reduced the clone-forming ability in MHCC-97H (*P* \< 0.001), HepG2 (*P* \< 0.001), and SK-HEP-1 (*P* \< 0.001), but not in MHCC97L \[Figure [2](#F2){ref-type="fig"}A and 2B\]. Moreover, HepG2 cells transduced with lentiviral vector expressing FLAG-RFX5 were able to form more colonies in comparison with controls (*P* \< 0.05) \[Figure [2](#F2){ref-type="fig"}C and 2D\].

![Oncogene dependence of RFX5 in HCC. (A and B) Clonogenicity assay of MHCC-97H, HepG2, SK-HEP-1 and MHCC-97L infected with lentiviral control shRNA (NS) and RFX5 specific shRNAs (RFK1 and RFK2) (A) and the quantification of colonies of four HCC cell lines from three independent repeats. Data were shown as mean ± SD (B). (C and D) Clonogenicity assay of HepG2 cells infected lentivirus Vector and FLAG-RFX5 (C), and the quantification of clone numbers from three independent repeats. Data were shown as mean ± SD (D). (E and F) MHCC-97H cells treated with lentivirus expressing espCas9 and sgRNAs against non-targeting control (Consg) and RFX5 (RFsg1) were subcutaneously implanted in BALB/c Nude. Tumor volumes were measured with calipers and calculated (E). Tumors were harvested and weighted after MHCC-97H implantation for 50 days (F). ^∗^*P* \< 0.001, ^‡^*P* \< 0.05. HCC: Hepatocellular carcinoma; RFX5: Regulatory factor X-5; SD: Standard deviation; shRNA: Short hairpin RNA.](cm9-132-1572-g002){#F2}

To disclose the oncogene dependency of RFX5 in HCC, we determined the growth of subcutaneous tumors from MHCC-97H cells infected with RFX5 specific lentiviral sgRNAs (RFsg1) or sgRNA control (Consg) based on CRISPR/Cas9 system. The averaged tumor volumes were decreased over time in the RFsg1 group compared with the Consg group (*P* \< 0.05) \[Figure [2](#F2){ref-type="fig"}E\]. After implantation for 50 days, the mice were sacrificed and the size and weight of tumors were measured. The results showed that the tumors developed from RFsg1-transfected MHCC-97H cells displayed dramatically smaller volume and lighter weight than that developed from control cells (the averaged tumor volume: 94.00 ± 45.81 mm^3^*vs.* 226.8 ± 26.86 mm^3^, *t* = 2.500, *P* = 0.0387; the averaged tumor weight: 0.041 ± 0.017 g *vs.* 0.115 ± 0.053 g, *t* = 2.520, *P* = 0.0358) \[Figure [2](#F2){ref-type="fig"}E and 2F\]. It showed that knocking down RFX5 with sgRNA1 dramatically suppressed the tumor growth.

RFX5 positively regulates YWHAQ expression in HCC
-------------------------------------------------

In our previous study, RFX5 could regulate TPP1.^\[[@R5]\]^ However, subsequent function study proved that TPP1 had no effect on regulating the apoptosis, proliferation, and subcutaneous tumor growth in HCC (data not shown).

Further, the transcriptional target of RFX5 in HCC cells was determined by ChIP-seq analysis in HepG2. We found that there was a strong RFX5 binding peak existing in the promoter region (−1020 to +2036 bp) of YWHAQ \[Figure [3](#F3){ref-type="fig"}A\] and then validated it by ChIP-PCR. The data showed that it stably yielded specific amplification of the immunoprecipitated DNA fragments in HepG2, MHCC-97H, and SK-HEP-1 by the primer recognizing YWHAQ promoter region \[Figure [3](#F3){ref-type="fig"}B\]. These results suggested that RFX5 could directly bind the YWHAQ promoter region in HCC cells. We further determined whether the binding of RFX5 to the YWHAQ promoter could promote the transcription of YWHAQ. Co-transfection of FLAG-RFX5 plasmid with reporter plasmid pGL4-YWHAQ in HEK293T greatly enhanced the transcription levels of Luciferase, controlled by the promoter region (−1020 to +2036 bp) of YWHAQ \[Figure [3](#F3){ref-type="fig"}C\]. The results suggest that RFX5 increases the transcriptional activity of the YWHAQ promoter.

![RFX5 positively regulates YWHAQ expression in HCC. (A) The ChIP-seq binding peak, signal of RFX5 in the promoter region of YWHAQ. (B) Immunoprecipitated DNA fragments with anti-RFX5 antibody were subjected to PCR detection of YWHAQ promoter region in HCC cells. (C) The transcriptional activity of YWHAQ promoter reporter constructs (pGL4-YWHAQ) was measured in HEK293T by RLA, the ratio of firefly to Renilla luciferase activities. The effect of RFX5 expression on the transcriptional activity of YWHAQ was determined by co-transfection of FLAG-RFX5 with pGL4-YWHAQ in HEK293T. Data were shown as mean ± SD (*n* = 3). (D) HepG2 cells transduced with shRNA targeting RFX5 were subjected to QRT-PCR analysis to determine the expression level of YWHAQ mRNA. Data were shown as mean ± SD (*n* = 3). (E) HepG2 and SK-HEP-1 cells transduced with lentiviral RFX5 or sgRNA targeting RFX5 were subjected to Western blotting analysis to determine the expression level of YWHAQ protein. (F) The expression of YWHAQ protein in HCC tumor and adjacent non-tumor tissues was determined by IHC. (G) The mRNA expression of YWHAQ in HCC tissues determined by RNA-seq data from TCGA LIHC dataset. (H) The correlation of the mRNA expression of RFX5 and YWHAQ in patients with HCC determined by RNA-seq data from TCGA LIHC dataset. (I) The correlation of YWHAQ mRNA expression level with recurrence-free survival time determined by RNA-seq in TCGA LIHC dataset. ^‡^*P* \< 0.05, ^†^*P* \< 0.01, ^∗^*P* \< 0.001. ChIP: Chromatin immunoprecipitation assay; HCC: Hepatocellular carcinoma; LIHC: Liver hepatocellular carcinoma; PCR: Polymerase chain reaction; QRT-PCR: Quantitative real-time polymerase chain reaction; RFX5: Regulatory factor X-5; RLA: Relative luciferase activity; RNA-seq: RNA sequencing; SD: Standard deviation; shRNA: Short hairpin RNA; TCGA: The Cancer Genome Atlas.](cm9-132-1572-g003){#F3}

We knocked down RFX5 by lentiviral shRNAs (RFK1 and RFK2) or sgRNA (RFsg1 and RFsg3), and overexpressed it by retroviral pMSCV-RFX5 in HCC cells. We then determined the expression level of YWHAQ by QRT-PCR and Western blotting, to further identify whether modulating RFX5 could regulate the expression of YWHAQ. In HepG2 cells, RFX5 knockdown by shRNAs significantly inhibited the transcription levels of YWHAQ (*P* \< 0.05) \[Figure [3](#F3){ref-type="fig"}D\]. In HepG2 and SK-HEP-1 cells, RFX5 overexpression significantly upregulated the protein level of YWHAQ; while knocking down RFX5 with RFsg1 or RFsg3 greatly decreased the protein level of YWHAQ \[Figure [3](#F3){ref-type="fig"}E\]. These results indicated that RFX5 closely regulated the expression level of YWHAQ.

YWHAQ is overexpressed in HCC and linked to poor prognosis
----------------------------------------------------------

Similarly to RFX5, the level of YWHAQ mRNA dramatically elevated in HCC tumor tissues compared with adjacent non-tumor tissues by analyzing the TCGA LIHC RNA-seq data (0.058 ± 0.058 *vs.* −0.450 ± 0.071, *t* = 3.153, *P* = 0.0017) \[Figure [3](#F3){ref-type="fig"}G\]. Strikingly, the mRNA expression level of YWHAQ was tightly correlated with that of RFX5 (*r* = 0.734, *R*^2^ = 0.540, *P* \< 0.001) in LIHC RNA-seq data \[Figure [3](#F3){ref-type="fig"}H\].

Furthermore, to identify the expression pattern of YWHAQ protein in HCC, we performed IHC analysis of YWHAQ with the TMA of Guilin cohort containing 51 primary HCC specimens. In comparison with the corresponding adjacent non-tumor tissue, YWHAQ overexpression was detected in tumor tissue of 70.59% (36/51) informative HCC cases \[Figure [3](#F3){ref-type="fig"}F\]. Intriguingly, the mRNA expression level of YWHAQ was significantly associated with the prognosis of patients with HCC in TCGA LIHC dataset. Patients with higher YWHAQ mRNA expression level tend to have a shorter recurrence-free survival time (*P* = 0.0496) \[Figure [3](#F3){ref-type="fig"}I\].

RFX5-YWHAQ pathway promotes the clonogenic growth and tumorigenicity of HCC by suppressing apoptosis
----------------------------------------------------------------------------------------------------

To determine whether the downstream event led to the suppression of clonogenic growth of HCC cell lines after RFX5 silencing, retroviral YWHAQ (pMSCV-YWHAQ) was transduced to recover the YWHAQ level in RFsg-treated HepG2 and SK-HEP-1 cell lines. The colony formation rescue assay showed that overexpression of YWHAQ fully recovered the colony numbers of RFsg-treated HepG2 \[Figure [4](#F4){ref-type="fig"}A and 4B\] and SK-HEP-1 cells \[Figure [4](#F4){ref-type="fig"}C and 4D\].

![YWHAQ overexpression largely rescues the growth inhibitory effects of RFX5 knockdown in HCC. (A and B) Clonogenicity assay of HepG2 cells infected with RFX5 sgRNAs (RFsg1 and RFsg3) and rescued with lentiviral control vector or lentiviral YWHAQ expressing vector (A), and the quantification of clone numbers from three independent repeats (B). Data were shown as mean ± SD. (C and D) Clonogenicity assay of SK-HEP-1 cells infected with RFX5 sgRNAs (RFsg1 and RFsg3) and rescued with lentiviral control vector or lentiviral YWHAQ expressing vector (C), and the quantification of clone numbers from three independent repeats (D). Data were shown as mean ± SD. (E and F) SK-HEP-1 cells treated with lentivirus expressing espCas9 and sgRNAs against non-targeting control (Consg) and RFX5 (RFsg1) alone, or transduced Consg and RFsg1 together with lentiviral YWHAQ, were implanted subcutaneously in BALB/c nude for three different mice in each group. Tumor volume was measured with calipers and calculated (E). ‡: Vector + RFsg1 *vs.* Vector + Consg; §: YWHAQ + RFsg1 *vs.* Vector + RFsg1. Tumors were harvest and weighted after MHCC-97H implantation for 60 days (F). ^§^*P* \< 0.05, ^‡^*P* \< 0.05, ^†^*P* \< 0.01, ^∗^*P* \< 0.001. HCC: Hepatocellular carcinoma; RFX5: Regulatory factor X-5; SD: Standard deviation.](cm9-132-1572-g004){#F4}

Moreover, the rescue experiment was also performed with SK-HEP-1 cells in tumor xenograft model. We found that the tumor growth was inhibited by RFX5 knockdown (RFsg1 group) and this inhibition effect could be rescued by YWHAQ overexpression (YWHAQ-RFsg1 group), as shown by tumor volume over time after implementation \[Figure [4](#F4){ref-type="fig"}E\]. After implantation for 60 days, the mice were sacrificed and the size and weight of tumors were measured. The tumors of RFsg1 group were dramatically smaller and lighter than that of Consg group (the averaged tumor volume: 365.3 ± 29.42 mm^3^*vs.* 589.0 ± 22.87 mm^3^, *P* \< 0.05; the averaged tumor weight: 0.059 ± 0.001 g *vs.* 0.100 ± 0.008 g, *P* \< 0.05), while the tumors developed from YWHAQ-RFsg1 group were significantly larger and heavier than that developed from RFsg1 group (the averaged tumor volume: 807.0 ± 156.90 mm^3^*vs.* 365.3 ± 29.42 mm^3^, *P* \< 0.05; the averaged tumor weight: 0.199 ± 0.051 g *vs.* 0.059 ± 0.001 g, *P* \< 0.05) \[Figure [4](#F4){ref-type="fig"}E and 4F\]. The data demonstrated that the tumor size and weight of subcutaneous tumor were significantly rescued by transduced with lentiviral YWHAQ after RFX5 silencing. All these results showed that YWHAQ overexpression largely attenuated the growth inhibitory effects of RFX5 depletion in HCC cells, indicating that YWHAQ is a downstream effector of RFX5.

Next, we examined the effect of RFX5-YWHAQ pathway on apoptosis in HCC. Following the treatment of cells with Dactinomycin D (ActD) for 6 h, overexpression of RFX5 or YWHAQ dramatically inhibited ActD-induced apoptosis in both HepG2 \[Figure [5](#F5){ref-type="fig"}A\] and SK-HEP-1 \[Figure [5](#F5){ref-type="fig"}B\], while knockdown of RFX5 with RFsg (RFsg1 or RFsg3) increased the apoptotic level in both HepG2 \[Figure [5](#F5){ref-type="fig"}C\] and SK-HEP-1 \[Figure [5](#F5){ref-type="fig"}D\].

![RFX5-YWHAQ inhibits apoptosis by regulating p53 and downstream pathway in HCC. (A and B) HepG2 (A) and SK-HEP-1 cells (B) transduced lentiviral vector control, RFX5 or YWHAQ were treated with 5 nmol/L ActD and subjected to apoptosis analysis by one-way ANOVA. Data were shown as mean ± SD (*n* = 3). (C and D) HepG2 (C) and SK-HEP-1 cells (D) transduced lentiviral sgRNA or YWHAQ were treated with 5 nmol/L ActD and subjected to apoptosis analysis by one-way analysis of variance. Data were shown as mean ± SD (*n* = 3). (E and F) Total proteins from HepG2 (E) and SK-HEP-1 cells (F) transduced lentiviral vector control, RFX5 or YWHAQ were subjected to Western blotting analysis of indicated proteins. (G and H) Total proteins from HepG2 (G) and SK-HEP-1 cells (H) transduced lentiviral sgRNA or YWHAQ were subjected to Western blotting analysis of indicated proteins. ^‡^*P* \< 0.05, ^†^*P* \< 0.01, ^∗^*P* \< 0.001. ActD: Dactinomycin D; HCC: Hepatocellular carcinoma; RFX5: Regulatory factor X-5; SD: Standard deviation.](cm9-132-1572-g005){#F5}

To further study if RFX5 protected HCC cells from apoptosis via YWHAQ, we overexpressed YWHAQ in RFsg-treated HCC cells and monitored the alteration in apoptotic level. As expected, overexpression of YWHAQ significantly suppressed the apoptosis induced by RFX5 knockdown in both HepG2 \[Figure [5](#F5){ref-type="fig"}C\] and SK-HEP-1 \[Figure [5](#F5){ref-type="fig"}D\]. These data supported the finding that RFX5 could suppress apoptosis in HCC via RFX5-YWHAQ pathway.

RFX5-YWHAQ pathway negatively regulates p53 and its downstream signaling pathway
--------------------------------------------------------------------------------

To reveal the mechanism of RFX5-YWHAQ pathway in protecting HCC cells from apoptosis, the expression of p53 and Bax was further detected by Western blotting. When overexpression of RFX5 could upregulate the protein level of YWHAQ, the protein level of p53 and Bax was greatly reduced in both HepG2 \[Figure [5](#F5){ref-type="fig"}E\] and SK-HEP-1 \[Figure [5](#F5){ref-type="fig"}F\] cells. Besides, directly overexpression of YWHAQ induced similar regulation effect on the protein level of p53 and Bax \[Figure [5](#F5){ref-type="fig"}E and 5F\], which was consistent with the results mentioned above.

Moreover, when RFX5 silencing dramatically downregulated the protein level of YWHAQ, the protein level of p53 and Bax was upregulated in both HepG2 \[Figure [5](#F5){ref-type="fig"}G\] and SK-HEP-1 \[Figure [5](#F5){ref-type="fig"}H\] cells. While overexpressing YWHAQ in RFX5 knockdown cells could reverse the protein level of p53 and Bax to similar level in parent HepG2 \[Figure [5](#F5){ref-type="fig"}G\] and SK-HEP-1 \[Figure [5](#F5){ref-type="fig"}H\] cells.

Discussion
==========

In this study, we revealed that RFX5 plays an important role in HCC as a putative tumor driver gene. It was frequently amplified and overexpressed in HCC and was essential for HCC progression. We also identified that increased copy number of RFX5 may be one of the reasons leading to its overexpression in HCC. However, the expression of RFX5 protein by IHC had no correlation with clinicopathological parameters (gender, age, alcohol, tumor size, AFP, HBsAg, cirrhosis, TNM stage, multi-nodularity, lympho-invasion, venous infiltration, and metastasis and invasion) of 128 patients with HCC of Guilin cohort. Furthermore, there was no correlation between the expression level of RFX5 and the prognosis of HCC. It suggested that RFX5 might function together with its transactivated target genes as transcription factor in HCC, but not only by itself. Though RFX5 has been known as a crucial regulator of *MHCII* gene transcription,^\[[@R2]--[@R4]\]^ our study proved that RFX5 also plays a key role in tumor, which gave us a clue about a possible crosstalk between immune response and tumor development that should be further explored in the further studies.

YWHAQ belongs to 14-3-3 family proteins, which form homo- or hetero-dimeric structures and mainly bind to their target proteins through phosphorylation-dependent interactions which function as chaperones, adapters, and regulators, enabling them to play an essential role in multiple cellular processes.^\[[@R10]--[@R12]\]^ Several previous studies have shown that 14-3-3 proteins contributed to initiation, oncogenesis, and progression of several human tumors.^\[[@R13]\]^ YWHAQ was frequently overexpressed in primary human breast cancers and correlated with shorter overall survival.^\[[@R14]\]^ Hodgkinson *et al* proposed a potential role for YWHAQ as predictive biomarkers of neoadjuvant chemotherapy resistance in breast cancer.^\[[@R15]\]^ In our study, we explore the role of YWHAQ in HCC and found YWHAQ overexpression in patients with HCC correlated with the recurrence-free survival.

Next, we proved that the transcription of YWHAQ was largely regulated by RFX5 in HCC. We then showed that YWHAQ was a dominant downstream effector of RFX5 in HCC, and RFX5-YWHAQ pathway could protect HCC cells from apoptosis. We further identified that overexpression of both RFX5 and YWHAQ significantly down-regulated the protein level of p53 and Bax and subsequently inhibited DNA damage-induced apoptosis. Moreover, overexpression of YWHAQ in RFX5 knockdown cells could rescue the phenotype induced by RFX5 depletion. These results demonstrated that RFX5 transcriptionally activated YWHAQ and closely regulated the p53-Bax apoptosis pathway, which is consistent with previous studies in many aspects. Such as, the overexpression of 14-3-3 proteins could promote survival of cancer cells likely through the negative regulation of p53.^\[[@R16]\]^ In addition, under normal cellular condition, 14-3-3 proteins could interact with Bax and sequester it in the cytoplasm in order to protect the cell from apoptosis.^\[[@R17]\]^

However, there were several limitations in our study. First, the small number of cases enrolled in this analysis limited the statistic power. Second, we need to collect more cases and then explore the role of RFX5 in HBV or HCV-related HCC tissues. Third, due to lack of the TMA, we did not have enough data to analyze the relationships between YWHAQ expression by IHC staining and clinicopathological parameter of patients with HCC. These issues should be conducted in further studies.

In conclusion, our results revealed that RFX5 plays an important role in development of HCC. It transcriptionally activates YWHAQ expression, which promotes HCC progression via regulating p53-Bax pathway and inhibiting apoptosis.
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